Introduction
As a way to mitigate vertical vibrations and improve the ride comfort of railway vehicles, work has been done developing a vehicle vibration control system whereby variable oil dampers are used to control the vertical damping force of the vehicle's primary or secondary suspensions [1] [2] . For such a system to be put into practical use, a strategy must be found to detect system faults in order to disable the control function. Monitoring dampers to ensure they are operating properly would be relatively easy if for example a strain gauge mounted on the damper was used to measure their damping force directly. However, such an approach is neither sustainable nor cost effective. This paper proposes a simple and practical method whereby faults in the primary and secondary vertical dampers are detected by assessing the phase difference between translational and rotational motions obtained with vibration control accelerometers. The validity of this proposal is discussed through a summary of results from vibration excitation tests using a testing plant and results of running tests on a commercial line.
Principles of suspension fault detection based on the phase difference between translational and rotational motions
By excluding secondary suspension on the grounds that its vertical rigidity is generally sufficiently lower than that of the primary suspension, the vertical motion of a bogie frame can be approximated by a simple model consisting of the primary suspension and the bogie frame, as shown in Fig. 1 , with the vertical displacements z R1 and z R2 of the two axles used as inputs. Distance 2l between the two axles and running speed v are constant, and z R2 can be expressed as z R1 at corresponding different times. These parameters can then be expressed in relation to each other by the following equations:
By transforming vertical displacements z R1 and z R2 of the two axles to bounce inputs z R and pitch inputs q R into the bogie frame, the following equations are obtained:
Equation (3) and (4) indicate that the phase difference between z R and q R is ±90°.
With z R and q R entered, bounce z and pitch q of the bogie frame can be expressed as a block diagram as shown in Fig. 2 and by the following equations:
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Assuming that a properly functioning suspension can be expressed as k 1 = k 2 and c 1 = c 2 , equation (6) and (7) produce G qz = G zq = 0. Therefore, the phase difference between z and q with properly functioning suspensions is determined by ±90°− ∠G z ＋∠G q . However, if a suspension malfunctions, leading to k 1 ≠ k 2 or c 1 ≠ c 2 , the following occurs: changes in G z and G q in addition to G qz ≠ 0 and G zq ≠ 0, leading to abnormal phase difference. It is therefore considered possible to detect suspension malfunctions while running by monitoring phase difference.
On the other hand, vertical motion of a car body can be approximated by a model consisting of the secondary suspension and the car body, similar to the model in Fig. 1 , while ignoring the high-rigidity primary suspension. The principles of the method proposed in this paper are considered applicable to fault detection in both the primary and secondary suspensions.
Fault detection in primary dampers

Fault detection system configuration
In an attempt to verify whether the proposed fault detection method could be effectively applied to a vibration control system with variable primary vertical damper [1] , a test system shown in Fig. 3 was devised. Two vertical sensing accelerometers, designed to control vibration and to detect faults, are installed on each bogie frame. Based on vertical acceleration signals from the sensors, the bounce and pitch motions of the bogie frames, required for fault detection, are obtained.
In this trial, accelerometer signals were saved as data, which was then processed offline for fault detection. 
Test method
A test was conducted on a vehicle equivalent to a Shinkansen vehicle, using a rolling stock testing plant (Fig. 4) . In the test, vehicle vibration while running on a commercial line was simulated by subjecting all axles of the test vehicle, with time difference corresponding to the running speed, to the axle displacements that had been created based on the vibrational acceleration of axle boxes measured while running on a commercial line. The excitation time was 115 s while running speed was kept constant at 320 km/h. The wheel base 2l of the test vehicle was 2.5 m.
The vehicle was equipped with a vibration control system with variable primary vertical damper [1] . On this system, the conventional primary vertical dampers had been replaced with variable damping type dampers (Fig. 5) , in which the damping force was controlled by signals from the accelerometers mounted on each bogie frame to mitigate car body vibration.
An experiment was conducted in which the test vehicle was subjected to excitation with one of the vehicle's variable dampers reduced to the minimum damping force, in both an uncontrolled (passive) mode and a controlled mode, to find out whether the fault would be detected. 
Fault detection in passive dampers
The bounce acceleration and pitch angular acceleration of the front bogie are shown in Fig. 6 . Other than a slight difference in amplitude, there is no significant difference to distinguish between normal and damper fault. No significant difference was found in any other parts of the test vehicle either.
The power spectral density (PSD) of the front bogie frame's bounce acceleration and pitch angular acceleration are shown in Fig. 7 . There is a difference in pitch angular acceleration PSD (Fig. 7 (b) ) between the normal and fault modes at 6 Hz or above. With regard to bounce acceleration PSD ( Fig. 7 (a) ), there is a difference at 8 Hz and above. The cross-spectral phase difference between the bogie frame's bounce and pitch motions is shown in Fig. 8 . There is a difference at around 6 Hz between the normal and fault modes, with the phase difference smallest at the fault in the right damper on 1st axle followed by normal and the fault in right damper on 2nd axle. By subsequent theoretical calculation, it was found that the frequency at which a difference between normal and fault modes appears is around the eigen frequency of the bogie frame's bounce irrespective of running speed.
With the above, it is considered possible to detect faults in primary vertical dampers by assessing the phase difference at around the eigen frequency of the bogie frame's bounce. 
Fault detection of controlled dampers
The cross-spectral phase difference between the front bogie frame's bounce and pitch motions is shown in Fig.  9 (a) . There is a difference at 4-9 Hz between the normal and fault modes. When the right damper on 3rd axle which is located in the rear bogie was in the fault mode, the front bogie was in the normal mode, resulting in a similar phase difference for both "Normal" and "Fault (axle 3 right)" modes in Fig. 9 (a) .
The phase difference between the rear bogie frame's bounce and pitch motions is shown in Fig. 9 (b) . In the frequency range of 4-9 Hz, the phase difference for the fault in the right damper on 3rd axle was smaller than normal while the phase differences for the fault in the right damper on 1st axle and on 2nd axle were almost equal to the phase difference in normal mode.
The results described above show that the proposed fault detection method can also be effectively applied to controlled dampers. In addition, it is considered possible to locate damper faults for specific axles.
Fault detection in secondary dampers
Fault detection system configuration
In an attempt to verify whether the proposed fault detection method could be effectively applied to a vibration control system with variable secondary vertical dampers [2] , a test system was devised as shown in Fig. 10 . Several vertical sensing accelerometers, designed to control vibration and detect faults, are installed on the car body. Based on vertical acceleration signals from the sensors, the bounce and pitch motions of the car body, required for fault detection, are obtained.
In this trial, as with the one discussed in Section 3, accelerometer signals were saved as data, which was then processed offline for fault detection.
Test method
A running test was conducted with a meter-gauge vehicle on a commercial line. The vehicle was equipped with a vibration control system with secondary variable vertical dampers [2] . The controller controls the damping force of the variable vertical dampers (Fig. 11) based on signals sent from four accelerometers mounted beneath the car body (Fig. 12) . The vehicle was equipped with coil springs as secondary springs. In the trial, the vehicle ran along the entire test section to obtain signals from the accelerometers in each of the following three modes: normal mode; fault mode in which the left damper on the front bogie was made faulty; and another fault mode in which the left damper on the rear bogie was made faulty. 
Results
The bounce acceleration and pitch angular acceleration of the car body are shown in Fig. 13 . No clear differences distinguishing normal and fault modes were found.
The PSD of the car body's bounce acceleration and pitch angular acceleration is shown in Fig. 14. There is no significant difference between the normal and fault modes. Figure 15 shows the cross-spectral phase difference between the vehicle's bounce and pitch motions while running on a 1.3 km course (60 s) at a constant speed of 75 km/h. There is a significant difference in phase difference at 1.5-2.0 Hz, which appears to be at around the eigen frequency of the car body's bounce, between the normal and fault modes, which is similar to the results of the fault detection test for the primary suspension. The results described above indicate that the proposed fault detection method can be effectively applied to fault detection in the secondary suspension. 
Algorithm
Cross-spectral calculation would require high capacity computing if it were to be conducted in real time while the vehicle was running, and is therefore not practical. The proposed fault detection method uses the phase difference at a specific frequency while phase differences at other frequencies are not required. With that, bounce acceleration z ‥ and pitch angular acceleration q ‥ are put through a narrow bandpass filter, the band of which is near the relevant frequency, to obtain z ‥ * and q ‥ * . The approximated phase difference a between the bounce and pitch motions at the relevant frequency can be obtained by the following equation:
where ⊕ represents the exclusive OR (XOR), T is averaging time, A strategy is adopted to suspend the calculation of (9) whenever the predefined running speed range is breached.
Verification by experiment
In this section, the fault detection method proposed above is applied to the damper data in the normal and fault modes that were obtained in the running tests de- The approximated phase differences obtained using the proposed algorithm and the running speed in the experiment are shown in Fig. 16 . The phase difference in the normal mode stayed roughly flat between 60°-65°. The running speed came within the valid fault detection range (60-90 km/h) at around 2 km, at which the phase difference in the front fault mode started increasing and that in the rear fault mode started declining.
With the above in mind, it is considered possible to detect secondary damper faults and locate the faulty damper (front or rear) during routine train operations by adopting the diagnostics in which the front damper is diagnosed as faulty when the approximated phase difference obtained by the proposed approximation calculation method deviates above the normal range (e.g., 55°-70°) and the rear damper is diagnosed as faulty when the approximated value deviates below the normal range.
This damper fault detection algorithm together with the vibration control system was adopted for Kyushu Railway Company's limited express and continues to be used for this service.
Summary
This paper proposes a method whereby faults in the primary and secondary vertical dampers of railway vehicles are detected by focusing on the phase difference between translational and rotational motions. The various trials that were conducted to verify the method are discussed and the results are summarized below. 1. A vibration excitation test was conducted on the primary vertical dampers of an actual vehicle in both normal and fault modes. The results showed that the phase difference between the bogie frame's bounce and pitch motions is useful not only for detecting primary vertical damper faults but also for locating the fault. 2. Running tests were conducted on the secondary vertical dampers in both normal and fault modes of damper to obtain the phase difference between the car body's bounce and pitch motions. The results showed that the proposed method can also be effectively applied to fault detection in secondary dampers. 3. A fault detection algorithm enabling real time approximation of phase differences for practical applications was proposed, and tried in a running test simulating actual train operations that include acceleration, deceleration and stopping at stations. The results showed that damper faults can be detected during routine train operations using the approximated phase difference.
